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Abstract 
The Weyburn Field, operated by Cenovus Energy, currently contains the largest amount of 
anthropogenic CO2 injected and geologically stored in the world, with over 16 million tonnes of 
CO2 sequestered as of June 2010.  The IEA GHG Weyburn-Midale CO2 Monitoring and Storage 
Project is in its Final Stage of research and is focussed on building on the results developed in 
Phase 1 of this study to provide a further understanding of parameters required to develop, 
implement and regulate carbon storage sites. 
One aspect of geological characterization of the storage site in this phase of research is to 
further develop the geological model used in Phase 1 by adding more wells and including several 
geological units not incorporated into the geological model of Phase 1. Additionally, 
improvements into the quantification of regional flow directions in and around the active CO2 
injection site by using hydrologic data (pressure tests and hydrochemistry analyses) not included 
in the original model.  These stratigraphic, pressure, hydrochemical and temperature data of flow 
units in a 1865 km2 area around the Weyburn Field will better define fluid movement in the 
injection site and assist with long-term modeling of the fate of injected CO2.  
Stratigraphic data from more than 900 wells are included in the current geological model 
including 200 newly picked wells. The Final Phase geological model includes: 1) an “altered 
zone” of anhydrite and dolostone at the up dip edge of the Weyburn-Midale reservoir that forms 
the caprock to the reservoir subjacent the regional seal formed by the Watrous Formation;  2) the 
Frobisher Evaporite, a variably thick anhydrite unit  present at the base of the reservoir beneath 
the northern portion of the field;  and 3) the Oungre Evaporite, an anhydrite/dolomite unit within 
the Ratcliffe beds present above the majority of the reservoir, all of which were not included in 
the Phase 1 model.  Adding these units into the model required closely delineating the zero edges 
using isopach values, and then stacking the isopach thicknesses to proportionately fill the 3D 
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grid while maintaining their complex morphology and accurately representing the 
hydrogeological flow units above and below the Midale aquifer.  Core derived porosity and 
permeability was included in the model for the Midale and Frobisher aquifer units only as 
beyond these beds very little core exist. 
 Pressure and hydrochemistry maps for the targeted aquifers (Midale, Frobisher and 
Ratcliffe) contain straddle tests and new wells drilled since Phase I was completed.  
Hydrogeological results from this study include; 1) Hydrochemistry maps which indicate large 
variations in total dissolved solids (TDS) within the target aquifers.  The observed chemical and 
density variations have an influence on fluid movement; 2) Porosity and permeability models for 
the Midale, Frobisher, and Ratcliffe which will be used in conjunction will structure, chemistry 
and pressure maps help to elucidate fluid movement within the aquifers for long-term CO2 
storage modeling.  The permeability model for the Midale aquifer is composed of data from 
DSTs and core to examine the geologic variations and preferential flow paths within the 
injection aquifer;  3) Driving force ratio (DFR) maps forces acting on fluid movement within an 
aquifer and incorporate aquifer structure, TDS, temperature and pressure.  
 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
The IEA GHG Weyburn-Midale CO2 Storage and Monitoring Project is a consortium of companies including 
Cenovus Energy who operate the Weyburn Field, and Apache Canada who operate the Midale Field, and 
government agencies who are evaluating the long-term storage of CO2 within a Mississippian carbonate in the 
Canadian portion of the Williston Basin, in south-eastern Saskatchewan (Figure1). The Weyburn Pool originally 
contained about1.4 billion barrels of oil in place [1]. The Midale Pool is located directly to the east of the Weyburn 
Pool and is slightly smaller. The oil-bearing Mississippian dolostones of the Upper Midale “Marly” beds of the 
Charles Formation supply both pools with oil [2]. 
 
PanCanadian Petroleum, the precursor to EnCana and now Cenovus Energy commenced a CO2 enhanced oil 
recovery project in October 2000, to increase the life of the Weyburn Pool by up to 25 years [3]. Apache Canada 
started a similar miscible CO2 flood in the Midale field in 2005. The CO2 source for both projects is from a coal 
gasification plant in Beulah, North Dakota, supplied via a 320-km pipeline. The Anthropogenic CO2 is injected into 
the Midale beds to reduce oil viscosity and increase oil recovery from about 35% to 50% of the initial oil in place. 
CO2 captured from produced oil is re-injected into the reservoir so that the CO2 used for enhanced oil recovery will 
be permanently stored in the subsurface. 
 
This phase of the project (Phase II, the final phase) is a continuation of the regional hydrogeology and 
hydrochemistry research conducted in Phase I of the IEA GHG Weyburn CO2 Monitoring and Storage Project. The 
focus is on furthering the understanding of fluid flow in the key Mississippian aquifers (Midale, Frobisher, Ratcliffe 
beds) associated with the storage complex. Hydrogeological mapping completed in Phase I only used part of the 
available hydrogeological data (the “in” formation pressure tests and hydrochemical samples), and did not make use 
of the “straddle” test samples, to study the cross-formational flow between the Mississippian aquifers. These 
additional data will build and enhance results from Phase I by the inclusion of previously-removed "straddle" 
pressure and chemical data as well as newly-available field data. 
 
c⃝ 2011 Published by Elsevier Ltd.
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2. Hydrogeological Results 
Regional flow directions were determined using potentiometric surface maps obtained from drill stem tests for 
the Ratcliffe, Midale and Frobisher aquifers. Flow directions of formation waters are interpreted from the gradients 
of equivalent freshwater hydraulic head (EFWH), with flow directed from high to low hydraulic heads. These new 
potentiometric surface maps include straddle tests which were not included in Phase 1 of the project due to time 
limitations.  
 
The Ratcliffe aquifer displays the highest EFWH at 906m, and decreases to 638m, four new data points were 
added the Ratcliffe aquifer. The study area was extended for the Ratcliffe to achieve a better representation of the 
regional flow. Flow within the Ratcliffe aquifer is generally from east to west (Figure 2a). Hydraulic heads in the 
Midale aquifer range from 582-743m, 14 new data points were added in the Midale (Figure 2b). A convergent flow 
directed towards the centre of the study area exists within the Midale aquifer.  The Frobisher aquifer displays a 
range of hydraulic heads form 556-711m, with an additional 51 new data points (Figure 2c); this represents the 
highest density of data of the three target aquifers. Flow in the Frobisher is in a southeast to northwest direction.  
 
Hydrochemistry in the form of total dissolved solids (TDS) were mapped within the three target aquifers. All 
three aquifers display a large variation in TDS across the study area (Figure 3a, b, c). A consistent trend exist within 
all three aquifers, TDS tends to increase from the west to the east in a south-easterly direction. This trend was also 
observed in Phase I [3]. The Ratcliffe displays the smallest range of TDS from 27,000-169,000 mg/L, with the 
highest TDS present in the eastern edge of the study area. Data ranges in the Midale from 26,000-200,000 mg/L, a 
highly variable gradient is observed over the CO2 injection area. This large density variation could influence fluid 
migration. The Frobisher also exhibits a highly variable TDS over the injection area. TDS within the Frobisher 
ranges from 26,000-191,000 mg/L.  
 
Hydrochemical cross sections represent the TDS present in the formation waters; using the data from the TDS 
maps these cross sections give a vertical sense of the chemistry present in each aquifer in relation to the stratigraphy. 
Two hydrochemical cross sections bisecting the study area, one S-N and the other W-E (Figure 1), illustrate the 
rapid variation in TDS across the study area (Figure 4). The Watrous and evaporite layers are also represented on the 
cross sections to demonstrate the stratigraphic relationship of the aquifers and aquitards present. 
 
3. Current Pressure Regimes 
 
Recently conducted DSTs within the CO2 flood area provides an opportunity to compare pressure regimes within 
and outside of the CO2 flood. Using pressure depth, [p(d)],  profiles horizontal and vertical flow components can be 
examined; horizontal flow conditions would plot along the nominal hydrostatic gradient in a p(d) profile, whereas a 
vertical component to the hydraulic gradient may be indicated from a pressure above nominal hydrostatic gradient 
[4].  
Drill stem tests performed in January 2010 at 5-32-5-13W2, measured 5 intervals within the current CO2 flood area: 
the Watrous, Ratcliffe, Midale Marly, Upper Frobisher and Lower Frobisher.  A pressure depth profile, from well 5-
32-5-13W2, of maximum pressure versus the mid-point interval depth of the DST (Figure 5a), illustrates the current 
pressure regime in this area of the CO2 flood. The Watrous and Ratcliffe, which both overly the Midale injection 
unit, have pressures similar to the nominal gradient suggesting the flow is dominantly horizontal. The Midale 
sample has a pressure greater than nominal and lies isolated from the overlying Ratcliffe and underlying Frobisher 
beds. The upper and lower Frobisher units also plot along a gradient that is greater than nominal. An interpretation is 
that all three aquifers (Ratcliffe, Midale and Frobisher) are isolated and possess a separate pressure regime, with 
predominantly horizontal flow occurring. Alternatively there is potential that a vertical component of fluid flow 
exists in this pressure regime. The Frobisher Evaporite can act as a barrier to communication between the Midale 
and Frobisher beds in some places of the reservoir; it is not present near this well increasing the possibility for 
vertical communication between the Midale and Frobisher beds. 
Outside of the CO2 flood area two Midale and one Frobisher DSTs were used to construct a p(d) profile  in the area 
of 7-15W2 (Figure 5b). Both the Midale and Frobisher aquifers in this area possess pressures greater than the 
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nominal gradient corresponding with the greater than nominal gradient observed in the CO2 flood area. Therefore, 
two separate horizontal flow regimes could be interpreted; however, these data may rather indicate that one flow 
regime exists but with a vertical component.  Because the Midale and Frobisher Evaporites are both present in the 
area of 7-15W2 this may aid in isolating the Midale from the Frobisher so that it may be more likely that two 
horizontal regimes are present, but to clarify this interpretation more data is required. In addition, ongoing oilfield 
operations including more than 50 years of waterflooding can further complicate pressure interpretations. 
3. Conclusions 
With the inclusion of “straddle” and newly completed tests a more accurate understanding of the fluid migration 
within the flow units of the storage complex is defined. Further research needs to be completed to understand the 
pressure regimes present within and outside of the CO2 flood area. These new data will be utilized by other research 
disciplines of the project including risk assessment and modeling of long-term storage.  
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Figure 1: Location Map showing the Williston Basin and surrounding structural elements (modified
from Whittaker et al., 2004). The Phase 1 regional assessment area is indicated in light blue. Enlarged area
contains the Phase II geological characterization area. The 1A, 1B, 1C Weyburn injection areas are outlined
in black. The Weyburn and Midale fields are shaded in grey. Cross section A-A’ (Figure 4) and 
B-B’ (Figure 4) are hydrochemical cross sections.  
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